A novel carbonyl reductase (KLCR1) that reduced ethyl 4-chloroacetoacetate (ECAA) to synthesize ethyl (S )-4-chloro-3-hydroxybutanoate ((S )-ECHB) was puriˆed from Kluyveromyces lactis. KLCR1 catalyzed the NADPH-dependent reduction of ECAA enantioselectively but not the oxidation of (S )-ECHB. From partial amino acid sequences, KLCR1 was suggested to be an a subunit of fatty acid synthase (FAS) but did not have FAS activity.
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Key words: carbonyl reductase; Kluyveromyces lactis; ethyl (S )-4-chloro-3-hydroxybutanoate; fatty acid synthase Ethyl (S )-4-chloro-3-hydroxybutanoate ((S )-ECHB) is a chiral building block useful for the synthesis of pharmacologically and biologically important compounds, such as hydroxymethylglutarylCoA (HMG-CoA) reductase inhibitors 1) and 4-hydroxypyrrolidone.
2) Asymmetric reduction with enantioselective oxidoreductases is one of practical methods for the production of (S )-ECHB. Several enzymes that reduce ethyl 4-chloroacetoacetate (ECAA) to (S )-ECHB have been found and puriˆed from Saccharomyces cerevisiae, 3) Geotrichum candidum,
4)
Sporobolomyces salmonicolor,
5)
Candida macedoniensis, 6) and Candida magnoliae. 7) We have reported that several microorganisms reduced ECAA to synthesize (S )-ECHB, 8) and found that Kluyveromyces lactis NRIC 1329 (NODAI Research Institute Culture Collection, Tokyo University of Agriculture; 1-1 Sakuragaoka, Setagaya-ku, Tokyo, 156-8502, Japan), in particular, had a high enantioselectivity (À98z ee) and a high molar yield (97z) in a reaction mixture containing 1z ECAA. In this paper, we report the diversity of ECAA reductases in K. lactis and the puriˆcation and characterization of a novel carbonyl reductase (designated as KLCR1) useful for the synthesis of (S )-ECHB from ECAA.
ECAA reductase was assayed spectrophotometrically at 309 C. The standard assay mixture contained 20 mmol of ECAA, 0.2 mmol of NADPH, 100 mmol of a potassium phosphate buŠer (pH 6.5), and the enzyme in aˆnal volume of 1 ml. One unit of the enzyme is deˆned as the amount of enzyme that catalyzes the decrease of 1 mmol of NADPH per min at 309 C. Speciˆc activity is expressed as units per milligram of protein. Protein was measured by the protein-dye binding method 9) using bovine serum albumin as a standard. The amounts of ECAA and ECHB were measured by gas chromatography as described previously.
10) The optical purity of ECHB was determined by chiral HPLC with a Chiralcel OD column (4.6×250 mm, Daicel Chemical Industries Ltd., Tokyo, Japan) at 309 C, eluted with n-hexane:2-propanol (9:2) at a ‰ow rate of 0.5 ml W min, and detected with a refractive index (RI) detector.
K. lactis was grown in a YPD medium (1z yeast extract, 2z Polypepton, and 2z glucose) at 309 C. Cells obtained by centrifugation were suspended with a 50 mM potassium phosphate buŠer (pH 7.5) containing 0.01z 2-mercaptoethanol and 1 mM phenylmethanesulfonyl ‰uoride, and disrupted with a MINI-LAB (Rannie, Denmark). To the crude extract obtained by centrifugation, protamine sulfate (1 mg of protamine sulfate W mg of protein in the crude extract) was added to remove cell debris and nucleic acids. In the supernatant after protamine sulfate treatment, no ECAA reductase that formed (S )-ECHB was found, and there were two kinds of ECAA reductases that formed (R)-ECHB; the enzymes could be separated by Q-Sepharose chromatography (Amersham Biosciences AB, Uppsala, Sweden). Further studies on the relationship between a puriˆcation step and the enantioselectivity of ECAA reduction showed that a carbonyl reductase (KLCR1) that formed (S )-ECHB by asymmetric The reductive reaction was done in a reaction mixture of 1 ml containing 0.2 mmol of NADPH, 50 mmol of a potassium phosphate buŠer (pH 6.5), a substrate, and the enzyme. To calculate the relative activity, the activity with 20 mM ECAA was taken as 100z. b NADH instead of NADPH was added to the standard reaction mixture. c The oxidative reaction was done in a reaction mixture of 1 ml containing 20 mmol of ( S ) or (R)-ECHB, 2.5 mmol of NADP + , 50 mmol of a Tris-HCl buŠer (pH 8.5), and the enzyme.
reduction of ECAA was precipitated by the protamine sulfate treatment. We set out to purify KLCR1 from the precipitate. Wet cells (77 g) of K. lactis obtained from 900 ml of a culture medium were disrupted and treated with protamine sulfate. KLCR1 was solubilized twice from the precipitate after the protamine sulfate treatment with 300 ml of a 50 mM potassium phosphate buŠer (pH 8.0) and 0.01z 2-mercaptoethanol (the standard buŠer) containing 1 M NaCl. The solubilized fraction obtained as a supernatant by centrifugation was dialyzed against the standard buŠer saturated with 70z ammonium sulfate, and the resultant precipitate was collected by centrifugation. The precipitate was suspended with the standard buŠer and dialyzed against the same buŠer. KLCR1 was found in the precipitate obtained by centrifugation. The addition of 0.1z Triton X-100 to the standard buŠer was not eŠective for the solubilization of KLCR1 from the precipitate, but the addition of 0.5 M NaCl enabled it. Theseˆndings suggested that KLCR1 existed as an aggregated insoluble form in a buŠer with low ionic strength, and was solubilized with a buŠer containing more than 0.5 M NaCl. The enzyme solubilized with 0.5 M NaCl was concentrated by ultraˆltration and put on a Butyl-Toyopearl 650M column (2.6×55 cm, Tosoh Co., Ltd., Tokyo, Japan) equilibrated with the standard buŠer containing 0.5 M NaCl and 30z saturated ammonium sulfate. KLCR1 was eluted with a linear 30-0z saturation of ammonium sulfate gradient. Active fractions were concentrated and put on a TSK gel G3000SW column (2.15×30 cm; Tosoh) equilibrated with the standard buŠer (pH 7.5) containing 0.2 M sodium sulfate. KLCR1 was eluted with the same buŠer at a ‰ow rate of 1 ml per min. KLCR1 was eluted in the void volume. Active fractions were pooled and used as the puriˆed enzyme.
The results of the enzyme puriˆcation are summarized in Table 1 . The speciˆc activity (50.8 U W mg) of theˆnal preparation was about 380-fold higher than that of the crude extract. The puriˆed enzyme gave an apparently single band on sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE). On a native-PAGE by the procedure of Davis, 11) however, the enzyme did not enter into the separation gel but was retained in the stacking gel. The relative molecular mass (Mr) of KLCR1 was estimated to be approximately 190,000 by SDS-PAGE and more than 1,300,000, the exclusion limit of a Superdex 200 column (1.6×60 cm; Amersham Biosciences AB, Uppsala, Sweden).
KLCR1 had maximum activity at 459 C and pH 6.5 for the reduction of ECAA in potassium phosphate buŠer. KLCR1 had more than 80z of residual activities in the pH range of 6.0 to 8.0 after pH treatment at 259 C for 30 min.
The substrate speciˆcity of KLCR1 is shown in Table 2 . KLCR1 used NADPH as an electron donor, and NADH could not replace NADPH as a coenzyme. KLCR1 had restricted substrate speciˆcity; it showed high activities for 4-chloroacetoacetate esters such as ethyl ester and methyl ester and a,b-diketones such as 2,3-pentanedione but no activity for ethyl acetoacetate without chlorine substitution at the 4-position or for simple ketones and aldehydes such as acetone and propionaldehyde. Pyridine-3-aldehyde and p-nitrobenzaldehyde, typical substrates for aldoketo reductase superfamily enzymes, 12, 13) did not serve as substrates for KLCR1. Interestingly, KLCR1 was not a dehydrogenase but a reductase, as it did not oxidize (R)-or (S )-ECHB. KLCR1 had ex- Activities were determined under standard assay conditions containing each reagent, after enzyme was incubated with each reagent for 10 min at 309 C. Activity in the absence of a reagent was taken as 100z.
tremely high enantioselectivity; the optical purity of ECHB reduced from ECAA with KLCR1 was more than 99z ee (S ).
The eŠects of various chemicals on the activity of KLCR1 are shown in Table 3 . KLCR1 was sensitive to SH-blocking reagents such as p-chloromercuribenzoic acid and N-ethylmaleimide and heavy metals such as HgCl2, CuSO4, and ZnSO4. However, quercetin, a nonspeciˆc inhibitor of human brain carbonyl reductase 12) and human liver aldehyde reductase, 13) did not signiˆcantly aŠect the enzyme activity. KLCR1 was also inhibited by methyl vinyl ketone, an inhibitor of b-keto ester reductases of baker's yeast.
14)
The puriˆed enzyme was digested with Staphylococcus aureus V8 protease (Wako Pure Chemical Industries, Ltd., Osaka, Japan), and each digest was separated by reverse-phase HPLC on a TSK gel ODS-120T column (4.6×250 mm, Tosoh). The amino acid sequences of these peptide fragments and the N-terminal region of the puriˆed enzyme were analyzed with a gas-phase protein sequencer (Model 477A-120A, Applied Biosystems, Foster City, USA). The N-terminal amino acid sequence (MKPEVEQF) and the internal sequence (FYKSDPRIAPLRGALAT) were obtained, and a similarity search for these amino acid sequences with public databases using the BLAST computer algorithm 15) showed signiˆcant similarity to the fatty acid synthase (FAS) a-subunits of Saccharomyces cerevisiae (SWISS-PROT accession number P19097) 16) and Candida albicans (P43098). 17) These results suggested that KLCR1 was an a-subunit of FAS of K. lactis.
In baker's yeast, it was reported that FAS ( Mr 2,400,000) could reduce ECAA to form (S )-ECHB. 3) Heidlas et al., alternatively, reported that intact FAS (a6b6 structure, Mr 2,400,000) of baker's yeast showed no activity in catalyzing the reduction of 3-oxo-esters such as ethyl 3-oxobutanoate and ethyl 3-oxohexanoate, but that the a2b2 structure ((R)-enzyme, M r 800,000) could catalyze it.
18) KLCR1 catalyzed the reduction of ECAA enantioselectively, but there were some diŠerences among KLCR1, FAS, 3) and (R)-enzyme 18) of baker's yeast; KLCR1 could not reduce ethyl 3-oxobutanote, unlike the (R)-enzyme, and had no FAS activity, unlike the FAS of baker's yeast. KLCR1 also had an unusual property: it was precipitated by protamine sulfate treatment and dialysis against a low ionic-strength buŠer, unlike the (R)-enzyme and the FAS of baker's yeast. We could not detect the b-subunit of FAS in KLCR1. The detailed protein structure of KLCR1 remains unclear. To clarify it, the cloning and expression of a gene encoding KLCR1 are under investigation.
